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Context in Architectural Design can be defined-related-comparable to hypothesis
and boundary conditions in mathematics. An eco-system that influences it by
means of natural and artificial events, space and time dimension. The research
has the aim to analyze the critical issues related to Context by providing a
contribution to the study of interactions between Context Knowledge and
Architectural Design and how it can be used to improve the performance of the
buildings and reducing design mistakes. The research focusing on formal
ontologies, has developed a model that enables a semantic approach to design
application programs, to manage information, to answer design questions and to
have a clear relation between the formal representation of the context domain and
its meanings. This context model provides an advancement on the state of the art
in simplified design assumptions, in term of ontology ambiguity and complexity
reduction, by using algorithms to extract and optimize branches of the graph. The
extraction does not limit the number of relations, that can be extended and
improve context taxonomy coherency and accuracy.
Keywords: Context-based design, Knowledge-based design, Ontology, Context
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TOWARDS A CONTEXT-BASED-AWARE AR-
CHITECTURAL DESIGN
A Context-based design involves a wide variety of as-
pects and application programs. Frequently, not all
the aspects are analyzed, generating in the follow-
ing constructionphase,mistakesmost expensive and
difficult to amend. Simple considerations on choices
consequences (or inference rules) could avoid wast-
ing time and money.
Many of these problems from the designers
point of view are related to Context. Among these
issues in a design process, there are how to imple-
ment, populate, store and manage Context Knowl-
edge, how to verify the performances based on it and
how to reason on its entities.
As a matter of facts, on one hand, current con-
text relatedCAADtools, even if complex and sophisti-
cated, seemsparseprograms in thewayof importing,
processing andmanaging context information prob-
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lems; on the other hand, existing tools are actually
not able to incorporate and accommodate cultural
knowledge which depends on the local Context.
Norberg-Schultz (1969, 1971) said that the con-
text, in essence, means special relations between
man, genius loci and architecture. Consequently, in
this field, there is the need of context knowledge and
reasoning rules and to support and improve design
activities on these crucial aspects.
The research focused on the early phases of de-
sign, because the initial definition of the hierarchy
of the entities mean to have a right classification to
grow the performance in order to take into account
context considering also culture and aesthetic con-
text, other than geographic, and climatic informa-
tion... that can increase from the outset. A classifica-
tion of context entities does not limit nor strictly ad-
dress design process as it can bemodified and grown
during the process considering other aspects.
Every aspect of the context plays an important
role on the definition of the building assessment
strategies that reflect the context-dependent needs
and elements. In this field the tools for architectural
design actually donot play an important role that un-
derstands the whole meanings of context entities.
Usually, the Context Knowledge changes for the
different actors involved in the design process, so
each of them has her/his own interpretation of con-
text entities. The use of different and ill-interfaced
tools - by their different conceptual nature as theybe-
long from different cultures - entails the fragmenta-
tion of information and redundancy, making the in-
formation "isolated" from different sources.
TheContext Knowledge Taxonomy (CKT) defines
the meanings of the context knowledge entities, the
application programs that uses them, the specific de-
sign rules that are not actually analyzed in a software,
but usually considered by designers. This is useful to
monitor and improve the performances of the build-
ings, which are influenced by the context. This allows
designers tobemore awareon the impact of their de-
cisions, from the earliest stages of the design (Gursel
et al., 2009)
So the actors involved in theprocess could spend
a smaller amount of effort in the search, catego-
rization, process and translation of information and
knowledge for the analyses and the decisions.
Moreover, the Context Knowledge should con-
sider the relationships that link actors change, as well
as the ways they interact, the used materials and
components, the approaches to sustainable design,
the existingbuildingsmanagement and the architec-
tural shapes.
The design knowledge should also take into ac-
count that the information technology is defined as
a new "building material" that can be used accord-
ing to the needs of the designer, also considering the
advances in artificial intelligence, cognitive science,
and of the theory of computation that allow the cos-
tumization of such a knowledge.
Context Knowledge Taxonomy (CKT) Devel-
opment Process
The research focusing on formal ontologies, in order
to enable a semantic enhancement for design appli-
cation programs, to manage information, to answer
to design questions. The space of states has a clear
relation between a formal representation of the con-
text domain and its explicit meanings. And this rela-
tion canbe establishedbyproducing full-fledged for-
mal ontologies for the domain of interest. Manually
constructing ontologies is a very demanding task,
however, requiring a large amount of time and effort,
even when predefined solutions are used (De Nicola,
Missikoff, and Navigli 2009). Actually using a defined
context ontology learning definition and construc-
tion in design field needs, heavy requirements and
demanding capabilities.
In this paper is explored the problem of learn-
ing a context taxonomy -i.e. the backbone of an
ontology- from the observation of the real world.
CxtKM- Context Knowledge Model- ontology (Gar-
garo and Fioravanti 2013) was one of the earliest
contributions in this area. In CxtKM the taxonomy
was accomplished in four steps: observation of phe-
nomenon, definition of terminology, extraction of
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meaningsusingexistingnovel algorithms combining
the resulting subtrees into a context knowledge tax-
onomy. The use of a static, general-purpose reposi-
tory of semantic knowledge prevented to the system
integrating existing taxonomies in different technical
domains.
The evolution of CKT preserves the initial results
of the research (from CxtKM, Gargaro and Fioravanti
2013), that is, a context domain corpus, but it drops
the difficulties for the rulesmodeling. Instead, are ex-
ploited textual definitions, extracted from a table to
create an highly density of context knowledge, using
a potentially disconnecting graph. To do this in the re-
search has been used a branching algorithm (An al-
gorithmbasedona systematic enumerationof candi-
date solutions by means of state space search) to or-
ganize a full-fledged tree taxonomy of context. Fur-
ther graph-based process augments the taxonomy,
thus producing a meaningfull graph.
Model Advancement
This model provides an advancement over the state
of the art in the context knowledge modelling:
• Excepting for the manual selection of just a
few upper nodes, this is the first model that
has been experimentally shown to build new
context taxonomy for different domains of
knowledge, including very technical fields of
interest for which standard taxonomies can-
not be used or do not exist.
• The problem can be tackled with no simplify-
ing assumptions: The aim is to cope with is-
sues such as term ambiguity and complexity.
• An algorithm is going to be used to extract an
optimal branching from the resulting graph,
which -after some recovery steps- becomes
the final taxonomy of context knowledge.
• The evaluation of the taxonomy is not limited
to the number of existing relations, but exten-
sible. Even if, the extracted context taxonomy
in its entirety is carried out, new entities can
be acquired from different fields.
In this paper it is showed the extention of the recent
works on this topic (Gargaro and Fioravanti 2014) as
follows: i) description in detail of the context knowl-
edge taxonomy; ii) enhancement of the methodol-
ogy aimed at directed creating a graph, rather than a
strict context tree-like taxonomical structure; iii) per-
forming a large-scale multi-faceted evaluation of the
context knowledge taxonomy learned by using dif-
ferent algorithms useful for different contexts; and
iv) contribution to a novel methodology to evaluate
a context constraints/goals for architected design.
The research has the aim to analyze the criti-
cal issues related to context knowledge by providing
a contribution to the study of interactions between
Context Knowledge and Architectural Design related
to the various actors involved in the design process
in order to:
• Improve theperformanceof thebuildings tak-
ing different aspects of context into account;
• Reduce design mistakes, which entail a rigor-
ous use of knowledge which is otherwise not
considered if represented in implicit form.
STATE OF ART AND RELATEDWORKS
Artificial Intelligence inarchitecturaldesign
The current models of specialist structured knowl-
edge domain don't have a general validity, but they
are worth in the specialized knowledge areas, so
there is 'data exchange' and 'interoperability among
formats' but not 'the concepts understanding', nor
their sharing.
Two main approaches are used to organize con-
text knowledge ontology: Rule-based and distribu-
tional ones. Rule-based approach uses predefined
rules or heuristic patterns to extract terms and re-
lations. Relations are harvested from legislations
and by applying patterns aimed at capturing cer-
tain types of relation (e.g., X is a kind of Y). Other
rule-based approache learns the context taxonomy
by applying heuristics to collaborative resources such
as Wikipedia (Suchanek, Kasneci, and Weikum 2008;
Ponzetto and Strube 2011).
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Recently, Gargaro and Fioravanti (2014) pre-
sented a context knowledge taxonomy organized
framework that integrates context information with
coherence, syntactic dependencies and other fea-
tures in a context ontology, calculated in terms of the
semantic distance amongeachentity useful todefine
the context knowledge taxonomy. The elements are
incrementally clustered on the basis of context ontol-
ogy. The definition of context meanings in the sub-
hierarchies have the aim to avoid lexical ambiguity.
Thebest experiment obtains a 0.85precision rate
for the sub-hierarch meaning specifications, such as
Financial_Funding, Climate, Codes, Money_Cost, Exist-
ing_Building, and so on.
The incremental construction of context knowl-
edge taxonomy is develped also using probalistic ap-
proach. Combining the evidence with multiple su-
pervisioned classifiers trained on training data sets
of the parents relations. Given the body of the ob-
tained evidence puts in syntactic relation, the con-
text knowledge taxonomy (CKT) task is definedas the
problem of finding the better context taxonomy that
maximizes the probability of having that evidence (a
supervisioned logicmodel). This approach aims at in-
cluding new concepts on the appropriate nodes of
the existing context knowledge taxonomy. The ap-
proach is evaluated by manually assessing the qual-
ity of the connecting concepts to existing ones, with
no evaluation of a full-fladged structured taxonomy
and no restriction to a specific domain.
In practice, none of the algorithms described in
the literature were applied to the task of creating a
context knowledge taxonomy useful in architectural
design domain of interest. Define a context taxon-
omy needs to be demonstrated on design domain.
Context is actually a partially unknown domain, that
requires to be formalized though a context taxon-
omy to solve design problems, identifying domain-
appropriate concepts, extracting appropriate rela-
tions, and detecting lexical ambiguity, whereas some
of these problems can be ignored during the evalua-
tion.
In some cases, Bayesian networks have been
used as a basis for reasoning about uncertain con-
text knowledge. Bayesian networks are a very effi-
cient tool for making probabilistic inferences. The
basic probabilistic inference stems from the con-
cept of event, which represents the occurrence of
a well-defined situation. Each record is called an
instance. The approximate methods are based on
stochastic sampling procedures. The most com-
monly used techniques are logic sampling, and likeli-
hood weighting Markov Chain Monte Carlo (MCMC).
On the other cases can be used informed search that
allows to find the solutions to increase the system
efficiency. This research takes advantage of the use
of heuristics in problem solving. The research algo-
rthms CSP (Constraint Satisfaction Problem) exploit
the structure of the states and use heuristics for gen-
eral use, instead of specific problems to find the solu-
tion of complex problems.
Artificial intelligence systemswill provide oppor-
tunities to improve the performance of the model,
because they can help to minimize the computa-
tional cost in terms of a set of tests, the size of the set-
ting, reduce the size of the training set, simplify data
input.
THE REPRESENTATION OF CONTEXT
KNOWLEDGE
Context KnowledgeModel
The Context that has been taken into account in the
design process and it has been formalized through a
knowledge structure and reasoning rules.
The Context KnowledgeModel is the formal rep-
resentation of concepts for architectural design. This
process helps to discover and evaluate the conse-
quences of choices substantially reducing the com-
plexity the possible solutions by pruning the wrong
ones. Themodel is structured through classes and/or
instances, each of them has a structure based on at-
tributes, properties and rules that are more specific
for each specialized field and more "general" in com-
mon ones.
The starting part of the work has been the con-
struction of the entities and the formalization of rules
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among thedifferent entities involved that canbe also
interfaced with specific tools.
The exploration of the Context Knowledge Tax-
onomy (CKT) starts with abstraction and is aimed at
gathering knowledge, understanding and conceptu-
alizing contextual phenomena as environment, leg-
islation, economics and culture. The complexity and
variability of data collected through formal and infor-
mal interactionswith the problemdomain is not sim-
ple to be defined.
Formalization of Context Knowledge
An analysis of 'Context' domain is presented in order
to identify important real-life domain concepts and
points to be improved in order to interfacewith com-
putational design support tools.
The exploration of context knowledge allowed
to formalize and discover the characteristics and the
variables of this domain and take it into account how
to make its rules. Addressing existing processes, the
targets of the exploration phase are:
• To describe the activities involved, func-
tions, concepts and what kind of information
is managed and what computational tools
could be used during the process;
• To generalize practices and functions. This
demands a critical eye being focused on the
design process so that it becomes detached
from single occurrences and focuses on those
structures, or the invariables, which are com-
mon in most of the cases.
The Context Knowledge Ontology "defines and or-
ganizes classes, the entities and the significant rela-
tions among the various typesof objects and features
found in urban space to be used in the urban/build-
ing design process.
Context data specification has the function of
identifying and describing context entities that will
contribute to the assessment activities involved inAr-
chitectural Design. The aim of this phase is to create
a footprint of context that captures the current con-
dition of place andproperties that influence architec-
tural design.
CONTEXT KNOWLEDGE TAXONOMY
WORKFLOW
Context Knowledge Taxonomy (CKT) starts from an
initially empty directed graph and a corpus for the
domain of interest. A small set of upper terms was
defined for the domain of interest. Context taxon-
omy workflow, summarized in Figure 1, consists of
four steps:
Figure 1
The Context
Knowledge
Taxonomy
Workflow
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• Initial Context TerminologyExtraction: The
first step is the definition of the input domain
corpus in order to produce an initial domain
terminology as output.
• Definition & Context Extraction: Classifica-
tion of context entities are sought for the def-
inition of the extracted domain terminology.
For each term t, a domain-independent clas-
sifier is used to select well-formed definitions.
• Domain Filtering : A domain filtering tech-
nique is applied to filter out those definitions
that do not pertain to the domain of interest.
The resulting domain definitions are used to
populate the directed context graph. Steps
(2) and (3) are then iterated on the newly ac-
quired entities, until a termination condition
occurs.
• Graph Pruning: As a result of the iterative
phase was obtained a dense context enti-
ties graph that potentially contains cycles and
multiple entities for most nodes.
All the steps will be described in detail in the follow-
ing headings.
Initial Context Terminology Extraction
Domain terms are the blocks of the context taxon-
omy. Starting from the principal entities defined in
CxtKM -Context KnowledgeModel- (Gargaro andFio-
ravanti, 2014), formalized considering the concept
of divide et impera (Fioravanti et al. 2012): Environ-
mentaL_Context; Cultural_Context; Normative_Con-
text; Economical_Context, they are enriched by sub-
entities and meanings, useful to add design rules.
The initial domain terminology even though is
available, has newmeanings that grow continuously,
especially considering different specific context do-
mains. Therefore, in this work the aim is a fully con-
text taxonomy for the context knowledge model.
Thus, from a text corpus for the domain of inter-
est and extract domain terms from the corpus by
meansof a terminologyextractionalgorithm. For this
themeaning extraction implements the domain con-
sensus and relevance to harvest the most relevant
terms for the context knowledgedomain from the in-
put data. As a result, an initial domain terminology
Cxt(0) is produced includes both single- and multi-
word expressions. One node is added to the initially
empty graph for each term inCxt(0).
In Table 1 is showed an excerpt of context mean-
ings. Note that initial set of the context domain terms
(and, consequently, nodes) will be enriched with the
new and/or revisioned entities acquired during the
subsequent iterative phase, described in the next
section.
Table 1
An excerpt of the
terminology
extracted for
Context Knowledge
Model.
Definition & Context Extraction
The aim of context taxonomy is to learn a graph by
means of several iterations, starting from Cxt(0).
The upper terms are chosen from the Context Knowl-
edge formalized. In other words, U contains all the
terms selected.
For each term c 2 Cxt(i) (initially, i = 0), we
first check whether t is an upper term (i.e., c 2 U ). If
it is, were just skipped it (because were do not aimed
at extending the context taxonomy beyond an up-
per term). Otherwise, the definition of the entities
have to be sought for t in the corpus domain and
looking for the meanings also on the Web. For each
term in the context set Cxt(i), was then extracted
definition candidates from the context domain, doc-
uments, and glossaries, by harvesting all the sen-
tences that contain c. The INSPIRE directive and GIS
agreement (2013) were used to obtain glossaries for
the context domain of knowledge. Finally, Context
meanings were applied and collected classifying the
context meanings. Some entities were showed with
their definitions in Table 2.
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Table 2
Some definitions
for the CONTEXT
domain.
Domain Filtering
The entities described in the previous section are
used to identifymeanings as a result of the extraction
of the meanings phase. In this section is described
how to filter out non-domain definitions and create a
dense graph for the domain of interest.
Given an entity c, the common case is that sev-
eral definitions are found for it. Many of thesewill not
pertain to the context domain of interest, especially
if they are obtained ambiguous terms. The logical in-
ferences on the Context Knowledge Model (CxtKM),
in which is insert the CKT Taxonomy, are supported
by searchalgorithms inorder to allowamoreefficient
search in the tree of knowledge.
The aimof thismodel is to improve thebuilding's
performance optimizing the costs of the building in
the preliminary stages. The Context Knowledge Tax-
onomy (CKT) focuses on:
• Entrusting the weights for each entity;
• Creating non-linear relationships between
the entities;
• Reasoning on the Structure of Knowledge.
The research focused on a specific building type (mu-
seums) toderive theweights, ,makinganalysis on the
highest number of possibilities analysed through ta-
bles and learning algorithms.
Each entity defined c(t) to define the weights
contained the context knowledge domain for the
definition following formula:
CDW (d(Cxt)) =
jBd(c) t Cxtd(c)j
jBd(c)j (1)
where Bd(c) is the field of building entities in
the definition of entities d(t) and Cxtd(t) defines
the context entities by the union of the initial ter-
minology Cxt(0) and the set of single entities
in Cxt(0) that can be found as meanings in GIS
agreement. For example, given Cxt(0) = {en-
vironmental_context, cultural_context, economical_-
context, normative_context}, the context domain ter-
minology Cxt = Cxt(0)[ {environment, culture,
economy, normative}. According to Equation (1),
the context domain weights can be normalized by
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the total number of context entities in the defini-
tion. The domain filtering is performed by keeping
only those definitions c(t)whose Context_Domain_-
Weight CDW (d(Cxt))  , where  is an empiri-
cally defined threshold. In Table 2 (third column) are
showed some values calculated for the considering
the corresponding definitions. Domain filtering aims
at discarding context entities which are not pertain
with the architectural design.
Let Cxt be the set of entities extracted by the
Context Knowledge Taxonomy from themeanings of
each entity cwhich survived from the filtering phase.
As a result of this step, the graph contains context do-
main terms and their entities obtained from domain
- filtered definitions.
The new set of entities Cxt(i+ 1) are given
by the context entities of the current set of entities
Cxt(i) excluding those entities that were already
processed during the previous iterations of the al-
gorithm. As a result of subsequent iterations, the
initially empty graph is increasingly populated with
new nodes (i.e., domain terms) and edges (i.e., entity
relations).
After a given number of iterations, was obtained
a dense context knowledge graph that potentially
contains more than one connected component. Fi-
nally, were connected all the upper entity nodes to a
single top node. As a result of this connecting step,
only one component of the context entities graph is
connected.
The resulting graph potentially contains cycles
and multiple entities for the vast majority of nodes
(Fig.2). In order to eliminate and obtain a full-fledged
taxonomy is performed as a step of graph pruning,
described in the next section.
Graph Pruning
At the end of the iterative context entities phase def-
inition, described in Sections 2 and 3, the result is a
highly dense, potentially disconnected, context enti-
ties graph. Wrong nodes and edgesmight stem from
errors in any of the entities definition extraction and
domain filtering steps. Furthermore, for each node,
multiple "best" can be harvested.
Rather than using heuristic rules, was used a
graph pruning algorithm, based on the optimal
branching algorithm (Chu and Liu 1965; Edmonds
1967), that exploits the topological graph properties
to produce a full-fledged taxonomy.
The algorithmsusedhavebeenorganized in four
phases (i.e., graph trimming, edge weighting, opti-
mal branching and pruning recovery) that described
with the help of the context graph in Figure 3a,
whose white nodes belong to the initial terminology
Cxt(0) and whose bold node is the upper term.
Aweighting policywas developed aimed at find-
ing the best trade-off between path length and the
connectivity of traversed nodes. It consists of three
steps:
Weight each node c by the number of nodes
belonging to the initial terminology that can be
reached from c (potentially including c itself ). Let
w(c) denote the weight of c (e.g., in Figure 3b, node
environmental_context reaches existing_buildings,
existing_construction, geology, climate, modes_of_-
trasportation, location, orography, accessibility and
public_sites, thusw(environmental_context) = 0.3 and
w(economical_context) = 0.3 whereas w(legislative_-
context) = 0.175 and w(cultural_context) = 0.225. All
weights are shown in the corresponding nodes in
Figure 3b.
This formula assigns to edge (h; c) the value
!(p) of the highest-weighting path p from h to
any upper root 2 U . For example, in Figure
3b, w(geology) = 0.13, w(environmental_context) =
0.3, w(context) = 1. Therefore, the set of paths
 (context, geology) = {context ! environmetal_con-
text! geology}, whose weight is 1.43 (w(context) +
w(environmental_context) + w(geology)). Hence, ac-
cording to Formula 2, w(geology, undergroung_wa-
ter) = 1.93. Showing edge weights in Figure 3b.
Next goal is to move from a graph to a tree-like
taxonomy on the basis of the edge weighting strat-
egy. For each (weakly) connected component in the
graph, was considered a number of cases, aimed at
identifying a single "reasonable" root node to enable
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Figure 2
Context Knowledge
Taxonomy
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Figure 3
Context Graph
excerpt (a), it
trimmed version
(b), and the final
taxonomy resulting
from the pruning
(c).
the optimal branching to be calculated.
The tree-like taxonomy resulting from the appli-
cation of the algorithm for the example in Figure 3b
is shown in Figure 3c.
The weighted directed graph of input algorithm
might contain many (weakly) connected compo-
nents. In this case, an optimal branching is found for
each component, resulting in a forest of taxonomy
trees. The objective of this phase is to recover from
excessive pruning, and re-attach some of the com-
ponents that were disconnected during the optimal
branching step.
The aim is thus to re-attach meaningful compo-
nents to the backbone taxonomy.
To this end, was applied an Algorithm in devel-
oping by P.Velardi, S.Faralli and R.Navigli (2013) algo-
rithm, that iteratively merges non-backbone trees to
the context backbone taxonomy tree Cxt0. The goal
of the last phase will be to recover from the excessive
pruning of the optimal branching phase. Another is-
sue of optimal branching is that will be obtained a
context tree structure in which each node has only
one entity.
The fixed entities "ready to use" can be instanti-
ated or not according to the actors involved in the
preliminary phase of the design. The model also al-
lows the possibility of creating new entities, if neces-
sary. The prototype of CxtKM so can be implemented
and adapted to different project design typologies,
ensuring interoperability.
EVALUATION
Context Ontology evaluation is a hard task even for
humans, mainly because there is not a unique way
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of modeling the context domain. Indeed several dif-
ferent taxonomies might model a particular context
domain well. Despite this difficulty, various evalua-
tion methods have been proposed for assessing the
quality of the context taxonomy (CKT) proposed. The
CKT is themain theoretical contribution of the paper.
Other quality indicators have been analyzed in
this work, such as accuracy, completeness, consis-
tency (Volker et al. 2008).
CONCLUSION
The model aims at raising awareness and under-
standing of conceptualizing phenomena within the
environmental, legal, economic and cultural context.
The complexity and variability of the data collected
through formal and informal interactions with prob-
lem domain was not simply defined.
The model prototype shows an innovative ap-
proach to Context Knowledge mixing tools using
commercial application programs, on-tology man-
agement systems and custommade reasoning rules,
databases and interface tools.
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